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Pipe sizeAbstract In this paper, constrained and unconstrained versions of a new formulation of Ant
Colony Optimization Algorithm (ACOA) named Arc Based Ant Colony Optimization Algorithm
(ABACOA) are augmented with the Tree Growing Algorithm (TGA) and used for the optimal lay-
out and pipe size design of gravitational sewer networks. The main advantages offered by the pro-
posed ABACOA formulation are proper deﬁnition of heuristic information, a useful component of
the ant-based algorithms, and proper trade-off between the two conﬂicting search attributes of
exploration and exploitation. In both the formulations, the TGA is used to incrementally construct
feasible tree-like layouts out of the base layout. In the ﬁrst formulation, unconstrained version of
ABACOA is used to determine the nodal cover depths of sewer pipes while in the second formula-
tion, a constrained version of ABACOA is used to determine the nodal cover depths of sewer pipes
which satisfy the pipe slopes constraint. Three different methods of cut determination are also pro-
posed to complete the construction of a tree-like network containing all base layout pipes, here. The
proposed formulations are used to solve three test examples of different scales and the results are
presented and compared with other available results in the literature. Comparison of the results
shows that best results are obtained using the third cutting method in both the formulations. In
addition, the results indicate the ability of the proposed methods and in particular the constrained
version of ABACOA equipped with TGA to solve sewer networks design optimization problem. To
be speciﬁc, the constrained version of ABACOA has been able to produce results 0.1%, 1% and
2.1% cheaper than those obtained by the unconstrained version of ABACOA for the ﬁrst, second
and the third test examples, respectively.
 2016 Faculty of Engineering, Ain Shams University. Production and hosting by Elsevier B.V. This is an
open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).rks, Ain
2 R. Moeini, M.H. Afshar1. Introduction
Sewer networks are important structure of any modern cities
which are designed to protect human and environmental
health. Although the design principles of sewer networks
may be simple, design of least-cost sewer networks is surely
not an easy task for engineers. Generally, construction of
sewer networks in a city is quite an expensive task. The cost
of sewer networks construction, however, can be signiﬁcantly
reduced if the network conﬁguration can be effectively opti-
mized. Finding an optimal least-cost design of sewer networks
is difﬁcult because of numerous alternative solutions and many
complex hydraulic and engineering constraints. The objective
function and constraints of sewer networks design optimiza-
tion problem are often nonlinear and discrete leading to a
highly constrained Mixed Integer Nonlinear Programming
(MINLP) problem. Moreover, the size of sewer networks is
generally large, therefore, leading to large scale optimization
problem which is generally difﬁcult to solve.
Various optimization methods have been proposed to solve
sewer networks design optimization problem by large number
of researchers. It is worth noting that computerized optimiza-
tion methods have been developed in the past four decades and
classiﬁed in four major categories named Linear Programming
(LP), Non-linear Programming (NLP), Dynamic Program-
ming (DP) and Evolutionary Algorithms (EA). Each of these
methods has its own limitations [1,2]. To overcome the limita-
tions of mathematical optimization methods, EAs such as
Genetic Algorithm (GA), Simulated Annealing (SA), Particle
Swarm Optimization (PSO) and Ant Colony Optimization
Algorithm (ACOA) have been devised and used successfully
to solve NP-hard problems. These methods allow a near-
optimum solution to be produced within a reasonable compu-
tation time without any loss of delicate characteristics of model
and any requirement of complex derivatives and deliberate ini-
tial values. In general, sewer network design optimization
problem includes two sub-problems of component location
(layout) and component sizing problems. Some researchers
have only focused on ﬁnding the optimal size component of
the sewer networks with ﬁxed layout. In contrast, others have
focused on ﬁnding the optimal layout of the sewer networks
and neglected the inﬂuence of the size component on layout
determination. However, these two sub-problems are not inde-
pendent and should be handled simultaneously if an optimal
solution is required. Haestad [3] and Guo et al. [4] reviewed
the research works in the ﬁeld of sewer networks design devel-
oped in the last 40 years. In the ﬁeld of component sizing, LP
[5,6], NLP [7–9], DP [10–16] and EA [17–29] were used by dif-
ferent researchers. Despite a quite large amount of researches
carried out in the ﬁeld of optimal sizing of sewer networks,
only a few researchers focused on the more interesting problem
of joint layout and size optimization of sewer network. For
example, some DP [30–32] and hybrid methods [33–39] were
proposed and used to solve this complex problem.
In this paper, two versions of an Arc Based ACOA
(ABACOA), equipped with a Tree Growing Algorithm
(TGA) are proposed and used to solve layout and size
optimization of gravitational sewer network problem. The
proposed ABACOA has two signiﬁcant advantages namely
efﬁcient implementation of the exploration and exploitation
features of ant algorithm and more importantly providing anPlease cite this article in press as: Moeini R, Afshar MH, Arc Based Ant Colony O
Shams Eng J (2016), http://dx.doi.org/10.1016/j.asej.2016.03.003easy and straightforward deﬁnition for heuristic information.
Here, ﬁrst, the combination of unconstrained version of
ABACOA (UABACOA) and TGA is used to propose a for-
mulation named UABACOA-TGA. The unique characteristics
of the ABACOA along with serial features of sewer networks
design problem are also used to develop a constrained version
of the ABACOA named CABACOA which is the coupled with
TGA leading to another formulation namedCABACOA-TGA.
In both formulations, the TGA is used in an incrementalmanner
to construct feasible tree-like layouts out of the base layout
while unconstrained and constrained versions of ABACOA
are used to optimally determine the sewer pipe nodal cover
depths of the constructed layout. Constrained version of
ABACOA paves the way to explicitly satisfy the pipe slopes
constraint by recognizing and excluding the infeasible regions
from the search process. The proposed formulations are
used to solve three test examples of different scales and the
results are presented and compared with other available results
in the literature. The results indicate the superiority of the
CABACOA-TGA to solve large scale sewer networks design
optimization problem compared to other methods.
2. Sewer networks design optimization problem
Sewer networks play a critical role in protecting public health
in modern cities and improve sanitation by collecting and
transporting sewage by gravity from house lateral sewer to
wastewater treatment plants. These networks consist of pipe,
pumping stations, force mains, manholes, and other facilities
required to collect and transport wastewater. Due to high cost
of sewer network construction, optimal design of sewer net-
works is receiving more attention.
To design sewer networks, at ﬁrst, the base layout of the
network should be deﬁned. To deﬁne the base layout, existing
information such as topography and sewer network area plan,
the layout of other utilities, the locations of wastewater treat-
ment plants and other existing subsystems should be collected.
It is now possible to deﬁne a connected undirected graph con-
sisting of vertices and edges and containing branched and
looped subsystems. The graph vertices denote possible ﬁxed
position manholes and the location of outlets and wastewater
treatment plants and the graph edges represent possible sewer
network pipes located between graph vertices. Then, the areas
included in the sewerage plan are determined. The service pop-
ulation of each area at the beginning and end of the design per-
iod, therefore, can be determined. The local sewer discharge
areas are calculated using the service population of each area
at the end of the design period.
The objective of any sewer network optimization problem is
the minimization of the construction cost of the sewer net-
work. The construction cost of a gravitational sewer network
as a function of the diameter and the average cover depth of
sewer pipes can be mathematically deﬁned as:
Minimize C ¼
XN
l¼1
LlKpðdl;ElÞ þ
XM
m¼1
KmðhmÞ ð1Þ
where C= cost function of sewer network; N= total number
of sewer pipes; M= total number of manholes; Ll = the
length of pipe l (l= 1,. . ., N); Kp = the unit cost of sewer pipe
provision and installation deﬁned as a function of its diameterptimization Algorithm for optimal design of gravitational sewer networks, Ain
Arc Based Ant Colony Optimization Algorithm 3(d1) and average cover depth (El) and Km = the cost of man-
hole construction as a function of manhole height (hm).
Sewer networks design optimization problem is subjected to
the topological constraints requiring tree-like layout and
hydraulic constraints regarding partially-full pipe condition,
continuity equation, sewer ﬂow velocity, sewer pipe cover
depths, minimum sewer pipe slopes, maximum and minimum
relative ﬂow depths, commercial pipe diameters and progres-
sive pipe diameters described as follow.
Tree-like layout: The ﬂow of the sewer in the network is due
to gravity so the sewer networks are designed to have a tree-
like layout. The sewer pipes conﬁguration should be
branched and deﬁned by a set of root nodes representing
the outlets or the wastewater treatment plants and a num-
ber of non-root nodes representing the manholes and edges
representing the pipes of the sewer network. In the form of
a tree-like structure, the pipes are deﬁned with the condition
that only one edge leaves from each node [35].
Partially-full pipe condition: To avoid pressurized ﬂow
condition, pipes used for carrying sewer ﬂows are
designed to operate in partially-full condition. Considera-
tion of ﬂow discharge at various depths other than full
ﬂow condition, therefore, is important in sewer networks
design. Several equations are generally applied to calcu-
late the hydraulic parameters of sewer networks. In this
paper, Manning’s equation is applied to ﬁnd hydraulic
parameters.
Sewer flow velocity: Sewer network pipes should be capable
of carrying sewer ﬂow with the velocity greater than the
self-cleaning velocity at least once a day to prevent solids
form being deposited on the bottom of the pipe. If the
velocity is insufﬁcient, solids will settle in the sewer pipes
and remain there. Furthermore, high sewer ﬂow velocity
may cause erosion requiring that sewer ﬂow velocity should
not exceed than the maximum allowable velocity.
Sewer pipe cover depth: To provide protection against
imposed loads, the average cover depth of sewer pipes
should be greater than the minimum sewer pipe cover
depth. The minimum cover depth criteria adopted depend
on local factors, and in particular, on the pipe material
used. Construction of sewer network, however, is more dif-
ﬁcult if a sewer is buried too deep underground. Sewer net-
work pipes, therefore, are normally designed for a speciﬁc
range of cover depth deﬁned by the maximum and mini-
mum sewer pipe cover depths.
Minimum pipe slope: To avoid adverse slopes caused by
inaccurate construction or settlement, a minimum pipe
slope should be considered for the sewer pipes.
Relative flow depth: To avoid pressurized ﬂow, prevent the
ﬂow exceeding the design capacity and avoid deposition of
the solids, the sewer pipes are normally designed for a speci-
ﬁc range of relative ﬂow depth deﬁned by the maximum and
minimum relative ﬂow depths.
Commercial sewer pipe diameters: The sewer network pipes
should be selected from a set of available commercial sewer
pipe diameters.
Progressive pipe diameters: At each sewer network node, the
leaving sewer pipe diameter cannot be smaller than any of
the arriving sewer pipe diameters.Please cite this article in press as: Moeini R, Afshar MH, Arc Based Ant Colony O
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problem described above can be mathematically formulated
as:
Xij þ Xji ¼ 1 8l ¼ 1; . . . ;N ð2Þ
XNi
j¼1
Xij ¼ 1 8i ¼ 1; . . . ;K ð3Þ
XNi
j¼1
XjiQl 
XNi
j¼1
XijQl ¼ 0 8i ¼ 1; . . . ;K ð4Þ
Ql ¼
1
n
alr
2=3
l S
1=2
l 8l ¼ 1; . . . ;N ð5Þ
Vl 6 Vmax
Vl P Vclean 8l ¼ 1; . . . ;N
ð6Þ
Emin 6 El 6 Emax 8l ¼ 1; . . . ;N ð7Þ
Sl P Smin 8l ¼ 1; . . . ;N ð8Þ
bmin 6 bl 6 bmax 8l ¼ 1; . . . ;N ð9Þ
bl ¼
y
d
 
l
8l ¼ 1; . . . ;N ð10Þ
dl 2 D 8l ¼ 1; . . . ;N ð11Þ
dl P~dl 8l ¼ 1; . . . ;N ð12Þ
where Xij = a binary variable with a value of 1 for pipe l with
a ﬂow direction from node i to node j and zero otherwise;
Ni = the number of pipes connected to node i; Ql = the
discharge of pipe l considered between node i and node j;
al =wetted cross section area of sewer pipe l at sewer ﬂow
depth of yl; rl = hydraulic radius of the sewer pipe l at sewer
ﬂow depth of yl; n=Manning constant; Vl = ﬂow velocity
of pipe l at the design ﬂow; Vl = the maximum ﬂow velocity
of pipe l at the beginning of the operation; Vclean =
self-cleaning ﬂow velocity of the sewer; Vmax =maximum
allowable ﬂow velocity of the sewer; Emin =minimum cover
depth of the sewer pipe; Emax =maximum cover depth of
the sewer pipe; El = average cover depth of the sewer pipe l;
Sl = slope of the sewer pipe l; Smin =minimum sewer pipe
slope; bl = relative ﬂow depth of the sewer pipe l; bmax =
maximum allowable relative ﬂow depth; bmin =minimum
allowable relative ﬂow depth; dl = diameter of the sewer pipe
l; yl = ﬂow depth of the sewer pipe l; D= discrete set of avail-
able commercial sewer pipe diameters; ~dl = set of upstream
pipe diameters of pipe l; K= the total number of nodes and
N= the total number of pipes.3. Ant Colony Optimization and Tree Growing Algorithms
ACOA has been inspired by the real ant colony behavior.
Finding the shortest path from the food source to the nest is
one of the most important behaviors of real ant. This
functionality of real ant colony is exploited in artiﬁcial ant
colony to solve optimization problems. Starting with Ant
System (AS) [40], a number of algorithmic approaches based
on this characteristic of real ant were developed and applied
with considerable success to a variety of combinatorial opti-
mization problems from academic to real world applications.
Many other algorithms have been proposed to improve theptimization Algorithm for optimal design of gravitational sewer networks, Ain
Figure 1 Graph representation of a typical problem for UABACOA-TGA.
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Arc Based Ant Colony Optimization Algorithm 5performance of AS, such as Ant Colony System (ACS), Elitist
Ant System (ASelite), Elitist-Rank Ant System (ASrank) and
Max–Min Ant System (MMAS).
In the ACOA, a colony of artiﬁcial ants cooperates to ﬁnd
good solution for optimization problem. The basic steps of the
ACOA to solve optimization problem can be found in Afshar
and Moeini [41] and Moeini and Afshar [36,37]. Application of
ACOA to any combinatorial optimization problem requires
that the problem can be projected on a graph [42]. Different
form of the graph can be deﬁned for solving the problem using
ACOA. Suitable deﬁnition of the problem graph inﬂuences the
convergence characteristic of the ACOA.
ACOA is one of the EAs that have useful characteristic for
solving large scale problems. In the ACOA, each ant incremen-
tally builds a solution by adding opportunely deﬁned solution
components to a partial solution under construction. In other
words, each ant uses a constructive step-by-step stochastic
decision policy to build solution for the problem. This feature,
namely incremental solution building capability, is very useful
for solving optimization problems of sequential nature such as
reservoir operation and sewer networks design optimization
problem considered here. This feature can be used to explicitly
satisfy some of the constraints of the problem by limiting
the ant’s options to feasible ones at each decision point of
the problem leading to constrained version of the ACOA.
The advantages of constrained version of the ACOA are two-
fold. The search space size of the problem could be greatly
reduced depending on the characteristics of the problem and
its constraints. This may in turn lead to better solutions and
more importantly to improved convergence characteristics of
the algorithm. This idea has already been used with great
success for reservoir operation [41,43], sewer network size
component design [22] and sewer network layout and compo-
nent size design [37] problems.
TGA as a methodical procedure for creating trees is also
used here in an incremental manner to construct feasible
tree-like layouts out of the base layout for sewer network.
TGA for tree network construction has already been used by
Afshar and Marino [44] for layout optimization of tree pipe
networks and Moeini and Afshar [36–38] for joint layout
and size optimization of sewer networks. The basic steps of
the TGA to construct tree-like layout are presented elsewhere
and will not be addressed here.Figure 2 Graph representation of a typical problem for
CABACOA-TGA.4. Arc Based Ant Colony Optimization Algorithm for sewer
networks design optimization problem
To solve optimization problem using ACOA, the ﬁrst and
main step is the problem graph deﬁnition. Deﬁnition of the
suitable graph for the problem will allow for all feature of
the ACOA to be presented.
The problem graph is represented here by deﬁning decision
points, options available at each decision point and the costs
associated with each of these options. Here the nodal cover
depths of the sewer pipes are taken as the decision variables
of the problem for the reasons to be discussed later. A basic
assumption used here is that the gravitational sewer network
contains no pumps and drops leading to the fact that the nodal
cover depth of the network could be used to uniquely deﬁne
the pipe slopes of the sewer network.Please cite this article in press as: Moeini R, Afshar MH, Arc Based Ant Colony O
Shams Eng J (2016), http://dx.doi.org/10.1016/j.asej.2016.03.0034.1. UABACOA-TGA formulation
In this formulation, the unconstrained version of the ABA-
COA (UABACOA) is augmented with TGA to ﬁnd optimal
layout and size of sewer networks. In the UABACOA-TGA,
each ant starts the solution construction from the root node
and makes a decision before moving to the next decision point
located upstream of the current decision point. With the net-
work nodal cover depths taken as the decision variables ofptimization Algorithm for optimal design of gravitational sewer networks, Ain
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Figure 3 Geometry of the areas [36].
6 R. Moeini, M.H. Afsharthe problem, the sewer network nodes are taken as decision
points leading to easy deﬁnition of a new form of the graph.
To deﬁne the problem graph, the allowable range of the deci-
sion variables denoted by Ei,max and Ei,min for node i, is dis-
cretized into a ﬁxed number of ND discrete cover depths
leading to ND discrete nodal elevations. The options available
at each decision point are, deﬁned by the aggregation of all the
arcs joining the known discrete cover depth of the current node
to all discrete upstream nodal cover depths of the pipes which
can contribute to construct tree-like layout. The available
pipes at each decision point are determined by the TGA. A
tabu list is then created for the ant that includes all discrete
upstream nodal cover depths of the pipes deﬁned by the
TGA. Any decision of the ant by choosing one arc from the
tabu list will lead to simultaneous deﬁnition of the pipe to be
included in the tree layout and the next decision point and
its cover depth. This process is continued until all base layout
nodes of sewer network are covered.
In the proposed arc based formulation, each arc will
uniquely deﬁne the value of the upstream and downstream
nodal cover depths of each pipe. This in turn leads to the pos-
sibility of deﬁning average cover depth of each pipe, leading to
the possibility of deﬁning heuristic information. Furthermore,
the pheromone trails are now associated to the arcs of the
graph leading to more efﬁcient exploration and exploitation
mechanisms of the ACOA. These points will be veriﬁed later
when considering test examples.
The UABACOA-TGA can be easily implemented deﬁning
four vectors B, A, AA, and T in which B= the set of nodes
contained within the growing tree; A= the set of pipes con-
tained within the growing tree; AA= the set of pipes adjacentPlease cite this article in press as: Moeini R, Afshar MH, Arc Based Ant Colony O
Shams Eng J (2016), http://dx.doi.org/10.1016/j.asej.2016.03.003to the growing tree; and T= the tabu list containing the avail-
able options at each decision point.
1. Start from the root node of base layout.
2. Initialize B= [Root-Node], A= [ ], and AA= [pipes of the
base layout connected to root node].
3. Form the tabu list T as the aggregation of all available arcs
joining the known downstream nodal cover depth to all dis-
crete upstream nodal cover depths for the each component
of AA.
4. Let the ant chose a discrete cover depth, b, at random from
T.
5. Determine to which pipe, a, of AA the chosen cover depth,
b, belong and set A= A+ [a].
6. Identify the other node of pipe a as the newly connected
node i and set B= B+ [i].
7. Identify pipes connected to node i in the base layout and
update AA by removing pipe a and any newly infeasible
pipes and adding any of the pipes connected to node i that
are feasible candidates to form a tree layout. AA now con-
tains all feasible choices for the next pipe of the tree-like
layout.
8. Repeat from step 3 until AA is empty.
At each iteration of the ABACOA-TGA, the process
deﬁned above is repeated for all ants in the colony. It is worth
noting that the AA acts as the tabu list for the ants that is
updated at each decision point of the problem.
Fig. 1(b) shows the graphical representation of the pro-
posed UABACOA-TGA formulation for the typical problem
of Fig. 1(a), in which the rectangles represent the root nodeptimization Algorithm for optimal design of gravitational sewer networks, Ain
Figure 4 Test examples base layouts [36].
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Table 1 Text example design parameters.
Parameters Test example Parameter values
Area size I 200 (m) * 200 (m)
II 400 (m) * 400 (m)
III 800 (m) * 800 (m)
Pipe lengths I, II, III 100 (m)
Uniform population distribution at end of the design period I, II, III 2500
Uniform population distribution at beginning of the design period I, II, III 4000
Return factor I, II, III 0.8
Water consumption per person per day I, II, III 250 l/(d * c)
Maximum Velocity I, II, III 6 (m/s)
Self-cleaning Velocity I, II, III 0.75 (m/s)
Minimum slope I, II, III 0.0005
Maximum allowable relative ﬂow I, II, III 0.83
Minimum allowable relative ﬂow I, II, III 0.1
Maximum cover depth I, II, III 10 (m)
Minimum cover depth I, II, III 2.5 (m)
Manning coeﬃcients I, II, III 0.015
8 R. Moeini, M.H. Afshar(wastewater treatment plant of ﬁxed elevation), the circles rep-
resent the sewer network nodes, the bold circles represent the
decision points of the problem, the numbers in the circles rep-
resent the node numbers, Cinjn represents the set of arcs joining
discrete nodal cover depths of the pipe with downstream and
upstream nodes of in and jn, respectively, the brackets repre-
sent the aggregation of all options available to the ant at the
current decision point to form a tree-like layout, and ﬁnally
the bold Cinjn represents a decision by the ant leading to the
inclusion of node jn in the tree-like layout under construction.
This would automatically deﬁne the node jn as the next deci-
sion point to move to. Fig. 1(b) shows how the available
options ðCinjnÞ formed at each node in which the bold lines rep-
resent the option chosen by the ant. Finally, Fig. 1(c) shows
the tree-like layout constructed from the base layout of the
typical problem of Fig. 1(a) using proposed method.
This deﬁned process constructs a spanning tree network
with known nodal elevations of the network. The constructed
sewer network, however, may not contain some of the pipes
present in the looped base layout. To complete the construc-
tion of a tree-like network containing all base layout pipes,
the connection of the pipes which are absent in the constructed
layout is cut at either end and added to the constructed span-
ning tree to form the ﬁnal sewer network layout. Three differ-
ent methods are used for this purpose, the details of which are
presented in Moeini and Afshar [37]. Once the pipe slopes are
determined, the pipe diameters can be calculated using the ﬂow
rate of each sewer pipe.
4.2. CABACOA-TGA formulation
In the second formulation named CABACOA-TGA, the con-
strained version of ABACOA (CABACOA) is augmented withTable 2 Set of pipe diameters.
Commercial pipe diameters (mm)
100 150 200 250 300 350
700 750 800 850 900 950 1
Please cite this article in press as: Moeini R, Afshar MH, Arc Based Ant Colony O
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mination of sewer networks. In this formulation, the incremen-
tal solution building capability of ACOA is used to satisfy the
minimum slope requirement of the pipes during the solution
construction. Minimum pipe slope constraint is the most deci-
sive constraint of the problem affecting both layout and size
determination process. In the CABACOA-TGA, the TGA is
responsible to keep the ants’ options limited to those forming
tree-like layouts while the CABACOA determines the nodal
cover depths of the network such that minimum pipe slope
constraint is full ﬁlled.
The base layout nodes are again taken as decision points of
the graph. The options available at each decision point are
deﬁned by the aggregation of the arcs joining the current nodal
cover depth to all discrete cover depths of the neighboring
nodes which can contribute to construct tree-like layout while
satisfying the minimum slope constraint. The pipes contribut-
ing to tree-like layout are again determined by the TGA. A
tabu list is, therefore, created for the ant that includes all dis-
crete upstream nodal cover depths of the pipes deﬁned by the
TGA which satisﬁes the minimum slope constraint. Any deci-
sion of the ant by choosing one arc from the tabu list will lead
to simultaneous deﬁnition of the pipe to be included in the tree
layout and its upstream nodal cover depth which satisﬁes the
minimum slope constraint. This process is continued until all
base layout nodes of sewer network are covered.
The CABACOA-TGA can also be easily implemented
using the same steps used to deﬁne the UABACOA-TGA with
a minor difference in forming the tabu list vector T. Here the
vector T contains all available feasible arcs joining the known
downstream nodal cover depth to potential discrete upstream
nodal cover depths satisfying minimum slope constraint.
Fig. 2 shows the graphical representation of the proposed
CABACOA-TGA formulation for the same typical problem400 450 500 550 600 650
000 1100 1200 1300 1400 1500
ptimization Algorithm for optimal design of gravitational sewer networks, Ain
Table 3 Values of MMAS parameters.
Text example Iteration Ant a b q pbest
I 500 50 1 0.2 0.95 0.2
II 1000 100 1 0.2 0.95 0.2
III 2000 200 1 0.2 0.95 0.2
Figure 5 Optimal tree-like layout of test example I obtained
using CABACOA-TGA3.
Arc Based Ant Colony Optimization Algorithm 9of Fig. 1(a), in which the rectangles represent the root node
(wastewater treatment plant with known elevation), the circles
represent the sewer network nodes, the bold circles represent
the decision points of the problem, the numbers in the circles
represent the node numbers, Cinjn represents the set of arcs
joining the known discrete nodal cover depths of node in to
all possible discrete nodal cover depth of node jn satisfying
the minimum slope constraint, the brackets represent the tabu
list at the current decision point, and ﬁnally the bold Cinjn rep-
resents a decision by the ant leading to the inclusion of node
jn in the tree-like layout under construction.
The above process leads to spanning tree sewer network
with known nodal cover depths satisfying minimum slope
constraints. Inclusion of all base layout pipes in the spanning
tree and forming the ﬁnal tree network and pipe diameter
determination are the same as deﬁned before for the
UABACOA-TGA.
A note should be made here regarding the fact that some of
the trial solutions created could still violate some of the prob-
lem constraints. A higher cost is associated to the solutions
that violate the problem constraints deﬁned by Eqs. (2)–(12)
to encourage the ants to make decision leading to feasible solu-
tions. This is done via using penalty method in which the total
cost of the problem is considered as the sum of the problem
cost and a penalty cost deﬁned as:
Fp ¼ Fþ ap 
XG
g¼1
CSVg ð13ÞTable 4 Maximum, minimum and average solution costs over 10 r
Formulation Test example Cost value
Minimum Maximum
UABACOA-TGA1 I 23467.8 23747.6
UABACOA-TGA2 23467.8 23544.9
UABACOA-TGA3 23467.8 23525.4
CABACOA-TGA1 23467.8 23525.4
CABACOA-TGA2 23467.8 23506.1
CABACOA-TGA3 23467.8 23506.1
UABACOA-TGA1 II 87615.5 89873.7
UABACOA-TGA2 86774.1 90110.4
UABACOA-TGA3 86444.5 88386.7
CABACOA-TGA1 86118.9 8724.5
CABACOA-TGA2 85982.6 86689.9
CABACOA-TGA3 85957.6 86,625
UABACOA-TGA1 III 369,165 397,792
UABACOA-TGA2 369,744 394,321
UABACOA-TGA3 367,879 391,178
CABACOA-TGA1 362,134 368,829
CABACOA-TGA2 361,919 365,010
CABACOA-TGA3 361,899 363,964
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tion of constraint g; G= total number of constraints and ap
the penalty constant. The penalized term of this equation will
be zero for feasible solutions.
5. Results and discussions
Performance of the proposed formulations is now tested
against three test examples of sewer network layout and size
design devised by Moeini and Afshar [36]. The geometry of
the area along with the ground elevation of benchmark point
of these test examples is shown in Fig. 3. Three different base
layouts are considered for these areas which are shown in
Fig. 4, where the solid and hollow circle represents the wastew-
ater planet and manholes locations, respectively, and the edges
represent the location of sewer pipes. Design parameters of
these text examples are listed in Table 1. The set of available
commercial pipe diameters is listed in Table 2. The explicituns using proposed formulations.
Scaled standard
deviation
No. of runs with ﬁnal
feasible solution
Average
23528.4 0.0034 10
23508.2 0.0013 10
23498.4 0.0010 10
23484.6 0.0007 10
23483.1 0.0007 10
23476.9 0.0005 10
88479.4 0.0077 10
87857.2 0.0077 10
87197.3 0.0075 10
86,513 0.0031 10
86407.3 0.0027 10
86371.4 0.0023 10
383,449 0.0244 10
377,348 0.0196 10
370,801 0.0193 10
364,826 0.0052 10
363,480 0.0023 10
363,053 0.0020 10
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Figure 6 Optimal tree-like layout of test example II obtained
using CABACOA-TGA3.
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installation and manhole costs:
Kp ¼ 10:93e3:43dl þ 0:012E1:53l þ 0:437E1:47l dl
Km ¼ 41:46hm
ð14Þ
A MMAS version of the ACOA is used here starting with a
series of preliminary runs conducted to ﬁnd the proper values
of MMAS parameters as shown in Table 3. All the results are
obtained within 25,000, 100,000 and 400,000 function evalua-
tions for the test examples I, II and III, respectively. For all
proposed formulations and test examples, the allowable ranges
of nodal cover depths are discretized uniformly into 30
intervals.
Table 4 shows the results of 10 runs carried out using ran-
domly generated initial guesses along with the scaled standard
deviation and the number of ﬁnal feasible solutions obtained
on a 3 GHZ Pentium PC using proposed formulations. It is
clearly seen from this table that all versions of the proposed
CABACOA-TGA perform better than the UABACOA-TGA
in all measures including minimum, maximum and average
solution cost value and scaled standard deviation. In other
words, the CABACOA-TGA has been able to outperform
the UABACOA-TGA due to the fact that solutions con-
structed by the CABACOA-TGA will never be infeasibleW.T.P
13 24
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Table 5 Characteristics of the optimal network obtained with CABACOA-TGA3 (example I).
Pipe No. Node No. Cover depth (m) Design ﬂow (m3/s) Diameter (mm) Slope b V (m/s)
Up Down Up Down
1 2 1 2.5 4.5 0.01944 150 0.04 1.827 0.581
2 2* 3 2.5 4.5 0.00648 100 0.04 1.389 0.574
3 4 1 3.5 4.5 0.04536 200 0.03 2.008 0.676
4 5* 2 2.5 2.5 0.01296 150 0.02 1.275 0.559
5 6 3 2.5 4.5 0.0324 200 0.04 2.082 0.496
6 5 4 2.5 3.5 0.02592 150 0.03 1.702 0.804
7 5* 6 2.5 2.5 0.01296 150 0.02 1.275 0.559
8 7 4 2.5 3.5 0.01296 150 0.03 1.486 0.495
9 8 5 2.5 2.5 0.01296 150 0.02 1.275 0.559
10 9 6 2.5 2.5 0.01296 150 0.02 1.275 0.559
11 8* 7 2.5 2.5 0.00648 100 0.02 1.051 0.733
12 8* 9 2.5 2.5 0.00648 100 0.02 1.051 0.733
Note: k* is the dummy node considered at the adjacency of node k representing the upstream node of cut pipe l.
Table 6 Characteristics of the optimal network obtained with CABACOA-TGA3 (example II).
Pipe No. Node No. Cover depths (m) Design ﬂow (m3/s) Diameter (mm) Slope b V (m/s)
Up Down Up Down
1 2 1 2.5 4.5 0.02592 150 0.040 0.709 1.935
2 3 2 2.5 2.5 0.00648 100 0.020 0.733 1.051
3 3* 4 2.5 2.5 0.01944 150 0.020 0.744 1.380
4 4 5 2.5 4.5 0.03888 200 0.040 0.554 2.176
5 6 1 4 4.5 0.1944 350 0.025 0.704 2.687
6 7* 2 2.5 2.5 0.01296 150 0.020 0.559 1.275
7 8* 3 2.5 2.5 0.01296 150 0.020 0.559 1.275
8 9* 4 2.5 2.5 0.01296 150 0.020 0.559 1.275
9 10 5 3.25 4.5 0.15552 300 0.033 0.736 2.788
10 7 6 3.75 4 0.13608 300 0.023 0.769 2.333
11 8 7 2.5 3.75 0.02592 150 0.033 0.774 1.767
12 8* 9 2.5 2.5 0.01296 150 0.020 0.559 1.275
13 9 10 2.5 3.25 0.0972 250 0.028 0.807 2.290
14 11 6 2.5 4 0.05184 200 0.035 0.705 2.190
15 12 7 3 3.75 0.0972 250 0.028 0.807 2.290
16 13* 8 2.5 2.5 0.01296 150 0.020 0.559 1.275
17 14 9 2.5 2.5 0.07128 250 0.020 0.707 1.922
18 15 10 2.5 3.25 0.05184 200 0.028 0.781 1.971
19 12* 11 2.5 2.5 0.01296 150 0.020 0.559 1.275
20 13 12 3.5 3 0.03888 200 0.015 0.792 1.457
21 13* 14 2.5 2.5 0.01296 150 0.020 0.559 1.275
22 14* 15 2.5 2.5 0.01296 150 0.020 0.559 1.275
23 16 11 2.5 2.5 0.0324 200 0.020 0.616 1.597
24 17 12 2.5 3 0.04536 200 0.025 0.725 1.861
25 18 13 2.5 3.5 0.02592 150 0.030 0.804 1.702
26 19 14 2.5 2.5 0.04536 200 0.020 0.800 1.683
27 20 15 2.5 2.5 0.0324 200 0.020 0.616 1.597
28 17* 16 2.5 2.5 0.01296 150 0.020 0.559 1.275
29 18* 17 2.5 2.5 0.01296 150 0.020 0.559 1.275
30 18* 19 2.5 2.5 0.01296 150 0.020 0.559 1.275
31 19* 20 2.5 2.5 0.01296 150 0.020 0.559 1.275
32 21 16 2.5 2.5 0.01296 150 0.020 0.559 1.275
33 22 17 2.5 2.5 0.01944 150 0.020 0.744 1.380
34 23 18 2.5 2.5 0.01296 150 0.020 0.559 1.275
35 24 19 2.5 2.5 0.01944 150 0.020 0.744 1.380
36 25 20 2.5 2.5 0.01296 150 0.020 0.559 1.275
37 22* 21 2.5 2.5 0.00648 100 0.020 0.733 1.051
38 23* 22 2.5 2.5 0.00648 100 0.020 0.733 1.051
39 23* 24 2.5 2.5 0.00648 100 0.020 0.733 1.051
40 24* 25 2.5 2.5 0.00648 100 0.020 0.733 1.051
Note: k* is the dummy node considered at the adjacency of node k representing the upstream node of cut pipe l.
Arc Based Ant Colony Optimization Algorithm 11
Please cite this article in press as: Moeini R, Afshar MH, Arc Based Ant Colony Optimization Algorithm for optimal design of gravitational sewer networks, Ain
Shams Eng J (2016), http://dx.doi.org/10.1016/j.asej.2016.03.003
Table 7 Characteristics of the optimal network obtained with CABACOA-TGA3 (example III).
Pipe No. Node No. Cover Depths (m) Design ﬂow (m3/s) Diameter (mm) Slope b V (m/s)
Up Down Up Down
1 2 1 4.25 4.5 0.70632 550 0.023 0.792 3.502
2 3 2 2.5 4.25 0.05832 200 0.038 0.755 2.293
3 4 3 2.5 2.5 0.03888 200 0.020 0.701 1.654
4 5 4 2.5 2.5 0.01944 150 0.020 0.744 1.380
5 5* 6 2.5 2.5 0.00648 100 0.020 0.733 1.051
6 6 7 2.5 3 0.05184 200 0.025 0.819 1.882
7 7 8 3 2.5 0.07128 250 0.015 0.801 1.691
8 8 9 2.5 4.5 0.09072 250 0.040 0.654 2.668
9 10 1 2.5 4.5 0.14904 300 0.040 0.659 3.019
10 11 2 3 4.25 0.64152 500 0.033 0.772 3.943
11 12* 3 2.5 2.5 0.01296 150 0.020 0.559 1.275
12 13* 4 2.5 2.5 0.01296 150 0.020 0.559 1.275
13 14* 5 2.5 2.5 0.01296 150 0.020 0.559 1.275
14 15 6 2.5 2.5 0.03888 200 0.020 0.701 1.654
15 16* 7 2.5 3 0.01296 150 0.025 0.522 1.388
16 17 8 2.5 2.5 0.01296 150 0.020 0.559 1.275
17 18 9 2.75 4.5 0.7128 500 0.038 0.798 4.244
18 11* 10 2.5 2.5 0.01296 150 0.020 0.559 1.275
19 12 11 3 3 0.10368 300 0.020 0.651 2.128
20 13 12 3.25 3 0.07776 250 0.018 0.809 1.827
21 14 13 2.5 3.25 0.05184 200 0.028 0.781 1.971
22 14* 15 2.5 2.5 0.01296 150 0.020 0.559 1.275
23 15* 16 2.5 2.5 0.01296 150 0.020 0.559 1.275
24 16 17 2.5 2.75 0.03888 200 0.023 0.671 1.736
25 17 18 2.75 2.75 0.1944 350 0.020 0.772 2.438
26 19 10 2.5 2.5 0.1296 300 0.020 0.776 2.201
27 20 11 2.5 3 0.52488 500 0.025 0.727 3.430
28 21* 12 2.5 3 0.01296 150 0.025 0.522 1.388
29 22* 13 2.5 3.25 0.01296 150 0.028 0.508 1.438
30 23 14 2.5 2.5 0.03888 200 0.020 0.701 1.654
31 24* 15 2.5 2.5 0.01296 150 0.020 0.559 1.275
32 25* 16 2.5 2.5 0.01296 150 0.020 0.559 1.275
33 26 17 2.5 2.75 0.14256 300 0.023 0.805 2.339
34 27 18 2.75 2.75 0.51192 500 0.020 0.785 3.097
35 20* 19 2.5 2.5 0.01296 150 0.020 0.559 1.275
36 21 20 2.5 2.5 0.0648 250 0.020 0.659 1.890
37 22 21 2.5 2.5 0.03888 200 0.020 0.701 1.654
38 23* 22 2.5 2.5 0.01296 150 0.020 0.559 1.275
39 23* 24 2.5 2.5 0.01296 150 0.020 0.559 1.275
40 24 25 2.5 2.5 0.0648 250 0.020 0.659 1.890
41 25 26 2.5 2.5 0.11664 300 0.020 0.710 2.173
42 26* 27 2.5 2.75 0.01296 150 0.023 0.539 1.333
43 28 19 3 2.5 0.11016 300 0.015 0.763 1.903
44 29 20 3 2.5 0.44712 500 0.015 0.791 2.683
45 30* 21 2.5 2.5 0.01296 150 0.020 0.559 1.275
46 31* 22 2.5 2.5 0.01296 150 0.020 0.559 1.275
47 32 23 2.5 2.5 0.02592 200 0.020 0.534 1.517
48 33 24 2.5 2.5 0.03888 200 0.020 0.701 1.654
49 34 25 2.5 2.5 0.03888 200 0.020 0.701 1.654
50 35* 26 2.5 2.5 0.01296 150 0.020 0.559 1.275
51 36 27 3 2.75 0.49248 500 0.018 0.807 2.900
52 29* 28 2.5 3 0.01296 150 0.025 0.522 1.388
53 30 29 2.5 3 0.09072 250 0.025 0.790 2.182
54 31 30 2.5 2.5 0.0648 250 0.020 0.659 1.890
55 32* 31 2.5 2.5 0.01296 150 0.020 0.559 1.275
56 32* 33 2.5 2.5 0.01296 150 0.020 0.559 1.275
57 33* 34 2.5 2.5 0.01296 150 0.020 0.559 1.275
58 34* 35 2.5 2.5 0.01296 150 0.020 0.559 1.275
59 35 36 2.5 3 0.03888 200 0.025 0.646 1.812
60 37 28 2.5 3 0.09072 250 0.025 0.790 2.182
61 38 29 3.25 3 0.34344 450 0.018 0.749 2.688
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Table 7 (continued)
Pipe No. Node No. Cover Depths (m) Design ﬂow (m3/s) Diameter (mm) Slope b V (m/s)
Up Down Up Down
62 39* 30 2.5 2.5 0.01296 150 0.020 0.559 1.275
63 40 31 2.5 2.5 0.03888 200 0.020 0.701 1.654
64 41* 32 2.5 2.5 0.01296 150 0.020 0.559 1.275
65 42* 33 2.5 2.5 0.01296 150 0.020 0.559 1.275
66 43* 34 2.5 2.5 0.01296 150 0.020 0.559 1.275
67 44* 35 2.5 2.5 0.01296 150 0.020 0.559 1.275
68 45 36 2.5 3 0.44712 450 0.025 0.812 3.231
69 38* 37 2.5 2.5 0.01296 150 0.020 0.559 1.275
70 39 38 2.5 3.25 0.03888 200 0.028 0.625 1.882
71 40* 39 2.5 2.5 0.01296 150 0.020 0.559 1.275
72 41* 40 2.5 2.5 0.01296 150 0.020 0.559 1.275
73 41 42 2.5 2.5 0.02592 200 0.020 0.534 1.517
74 42 43 2.5 3 0.05184 200 0.025 0.819 1.882
75 43 44 3 2.75 0.07776 250 0.018 0.809 1.827
76 44 45 2.75 2.5 0.36936 450 0.018 0.802 2.703
77 46 37 3 2.5 0.07128 250 0.015 0.801 1.691
78 47 38 3.25 3.25 0.2916 400 0.020 0.811 2.672
79 48* 39 2.5 2.5 0.01296 150 0.020 0.559 1.275
80 49* 40 2.5 2.5 0.01296 150 0.020 0.559 1.275
81 50* 41 2.5 2.5 0.01296 150 0.020 0.559 1.275
82 51* 42 2.5 2.5 0.01296 150 0.020 0.559 1.275
83 52* 43 2.5 3 0.01296 150 0.025 0.522 1.388
84 53 44 2.75 2.75 0.27864 400 0.020 0.775 2.666
85 54 45 3 2.5 0.07128 250 0.015 0.801 1.691
86 47* 46 2.5 3 0.01296 150 0.025 0.522 1.388
87 48 47 4 3.25 0.20736 400 0.013 0.735 2.094
88 49 48 3.5 4 0.05184 200 0.025 0.819 1.882
89 50 49 2.5 3.5 0.02592 150 0.030 0.804 1.702
90 50* 51 2.5 2.5 0.01296 150 0.020 0.559 1.275
91 51 52 2.5 2.5 0.03888 200 0.020 0.701 1.654
92 52 53 2.5 2.75 0.1296 300 0.023 0.737 2.320
93 53* 54 2.5 3 0.01296 150 0.025 0.522 1.388
94 55 46 2.5 3 0.05184 200 0.025 0.819 1.882
95 56 47 2.5 3.25 0.07128 250 0.028 0.630 2.188
96 57 48 3.5 4 0.14256 300 0.025 0.765 2.458
97 58* 49 2.5 3.5 0.01296 150 0.030 0.495 1.486
98 59* 50 2.5 2.5 0.01296 150 0.020 0.559 1.275
99 60* 51 2.5 2.5 0.01296 150 0.020 0.559 1.275
100 61 52 2.5 2.5 0.07776 250 0.020 0.759 1.945
101 62 53 2.5 2.75 0.13608 300 0.023 0.769 2.333
102 63 54 2.5 3 0.05184 200 0.025 0.819 1.882
103 56* 55 2.5 2.5 0.01296 150 0.020 0.559 1.275
104 57* 56 2.5 2.5 0.01296 150 0.020 0.559 1.275
105 58 57 2.5 3.5 0.08424 250 0.030 0.688 2.340
106 59* 58 2.5 2.5 0.01296 150 0.020 0.559 1.275
107 59 60 2.5 3.5 0.02592 150 0.030 0.804 1.702
108 60 61 3.5 2.5 0.05184 250 0.010 0.723 1.365
109 61* 62 2.5 2.5 0.01296 150 0.020 0.559 1.275
110 62* 63 2.5 2.5 0.01296 150 0.020 0.559 1.275
111 64 55 2.5 2.5 0.0324 200 0.020 0.616 1.597
112 65 56 2.5 2.5 0.04536 200 0.020 0.800 1.683
113 66 57 2.5 3.5 0.04536 200 0.030 0.676 2.008
114 67 58 3.5 2.5 0.05832 250 0.010 0.803 1.381
115 68* 59 2.5 2.5 0.01296 150 0.020 0.559 1.275
116 69* 60 2.5 3.5 0.01296 150 0.030 0.495 1.486
117 70* 61 2.5 2.5 0.01296 150 0.020 0.559 1.275
118 71 62 2.5 2.5 0.11016 300 0.020 0.680 2.152
119 72 63 2.5 2.5 0.0324 200 0.020 0.616 1.597
120 65* 64 2.5 2.5 0.01296 150 0.020 0.559 1.275
121 66* 65 2.5 2.5 0.01296 150 0.020 0.559 1.275
122 67* 66 2.5 2.5 0.01296 150 0.020 0.559 1.275
(continued on next page)
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Table 7 (continued)
Pipe No. Node No. Cover Depths (m) Design ﬂow (m3/s) Diameter (mm) Slope b V (m/s)
Up Down Up Down
123 68 67 2.5 3.5 0.02592 150 0.030 0.804 1.702
124 68* 69 2.5 2.5 0.01296 150 0.020 0.559 1.275
125 69 70 2.5 2.5 0.04536 200 0.020 0.800 1.683
126 70 71 2.5 2.5 0.07776 250 0.020 0.759 1.945
127 71* 72 2.5 2.5 0.01296 150 0.020 0.559 1.275
128 73 64 2.5 2.5 0.01296 150 0.020 0.559 1.275
129 74 65 2.5 2.5 0.01944 150 0.020 0.744 1.380
130 75 66 2.5 2.5 0.01944 150 0.020 0.744 1.380
131 76 67 2.5 3.5 0.01944 150 0.030 0.638 1.632
132 77 68 2.5 2.5 0.01296 150 0.020 0.559 1.275
133 78 69 2.5 2.5 0.01944 150 0.020 0.744 1.380
134 79 70 2.5 2.5 0.01944 150 0.020 0.744 1.380
135 80 71 2.5 2.5 0.01944 150 0.020 0.744 1.380
136 81 72 2.5 2.5 0.01296 150 0.020 0.559 1.275
137 74* 73 2.5 2.5 0.00648 100 0.020 0.733 1.051
138 75* 74 2.5 2.5 0.00648 100 0.020 0.733 1.051
139 76* 75 2.5 2.5 0.00648 100 0.020 0.733 1.051
140 77* 76 2.5 2.5 0.00648 100 0.020 0.733 1.051
141 77* 78 2.5 2.5 0.00648 100 0.020 0.733 1.051
142 78* 79 2.5 2.5 0.00648 100 0.020 0.733 1.051
143 79* 80 2.5 2.5 0.00648 100 0.020 0.733 1.051
144 80* 81 2.5 2.5 0.00648 100 0.020 0.733 1.051
Note: k* is the dummy node considered at the adjacency of node k representing the upstream node of cut pipe l.
14 R. Moeini, M.H. Afsharregarding minimum slope constraint. Furthermore, both
UABACOA-TGA and CABACOA-TGA formulations have
been able to produce better solutions, referred to as
UABACOA-TGA3 and CABACOA-TGA3, when the third
method is used for cut determination due to the fact that the
third method of cut determination will be less prone to violate
the minimum slope constraint. It is worth noting that the
UABACOA-TGA3 required 6650, 85,400 and 398,000 func-
tion evaluations to get the optimal solution of 23467.8,
86444.5 and 367,879 for the text example I, II and III, respec-
tively. However, the CABACOA-TGA3 requires 2850, 71,300
and 326,800 function evaluations to get the optimal solution of
23467.8, 85957.6 and 361,899 for the test example I, II and III,
respectively. Comparison of the result shows that the proposed
UABACOA-TGA3 formulation is more efﬁcient and effective
than UABACOA-TGA3.
Figs. 5, 6 and 7 show the optimal tree-like layout for the
test examples I, II and III, respectively, obtained using
CABACOA-TGA3 while the optimal characteristics of these
sewer networks are shown in Tables 5–7. It should be noted
that the optimal layout produced here by the proposed
CABACOA-TGA3 algorithm is different from the layouts
obtained using other available methods in the literature and
proposed formulations emphasizing on the unique features
of the proposed method.
The claim that the search space created by the constrained
version ofABACOA-TGA is feasible can be supported by a typ-
ical convergence curves shown in Fig. 8 for the test example III.
It is seen from this ﬁgure that best solution cost of the generation
produced by CABACOA-TGA stays way below that of
UABACOA-TGA due to the fact that none of the solutions cre-
ated byCABACOA-TGAhasminimumpipe slope infeasibility.
These problems were also solved by Moeini and Afshar [36]
using three formulations named ACOA1, ACOA2 andPlease cite this article in press as: Moeini R, Afshar MH, Arc Based Ant Colony O
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variables. Later, Moeini and Afshar [37] solved these problems
using CACOA-TGA in which nodal elevations were taken as
decision variables. Comparison of the results obtained by
Moeini and Afshar [36,37] with those produced here indicates
the superior performance of the CABACOA-TGA formula-
tion to all existing methods due to the unique characteristics
of proposed formulation. As noted before, the proposed
ABACOA has two signiﬁcant advantages of efﬁcient imple-
mentation of the exploration and exploitation and more
importantly providing an easy and straightforward deﬁnition
of the heuristic information. In addition, constrained version
of ABACOA leads to smaller feasible search space. It is worth
noting that the ACOA-TGA of Moeini and Afshar [36] pro-
duced the optimal solutions of 24514.9, 89568.3 and 397,563
for the test examples I, II and III, respectively while the
CACOA-TGA3 of Moeini and Afshar [37] obtained the opti-
mal solutions of 23467.8, 85,990 and 363,922. These can be
compared with the optimal solution of 23467.8, 85957.6 and
361,899 for the test examples I, II and III, respectively, using
CABACOA-TGA3 indicating superiority of the proposed
CABACOA-TGA3 formulation. The success of the proposed
methods can be attributed to the unique characteristics of
alternative graph representation used for the problem deﬁni-
tion. In fact, comparison of the results shows that all versions
of ABCACOA-TGA formulation perform better than corre-
sponding versions of CACOA-TGA of Moeini and Afshar
[37] and ACOA-TGA of Moeini and Afshar [36] in all mea-
sures. Finally, Fig. 9 shows the convergence curves of different
methods for text example III. It is seen from this ﬁgure that
the convergence curve of the CABACOA stays below those
of existing formulations.
A note should be added here regarding the deﬁning the
heuristic information, gij. One of the main advantages of theptimization Algorithm for optimal design of gravitational sewer networks, Ain
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Figure 8 Variation of minimum solution costs of test example III using UABACOA-TGA3 and CABACOA-TGA3.
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Figure 9 Variation of the minimum solution cost of test example III using CABACOA-TGA3, CACOA-TGA3 and ACOA-TGA.
Arc Based Ant Colony Optimization Algorithm 15proposed ABACOA formulation is that this formulation offers
the possibility of deﬁning average pipe cover depth for each of
the arcs, hence leading to the possibility of deﬁning heuristic
information for each of the arcs. Heuristic information is a
useful component of the ACOA proper deﬁnition of which is
required for best performance of the ACOA. As described
before, in the proposed ABACOA each arc fully represents
upstream and downstream nodal cover depths for the corre-
sponding pipe and, therefore, average cover depth of each
pipe, El, can be easily calculated. The heuristic information
of the problem can, therefore, be deﬁned as:
gij ¼
1
0:012LlE
1:53
l
El ¼ Ei þ Ej
2
ð15Þ
where Ll = the length of pipe l considered between node i and
node j, Ei, Ej = cover depth of node i and j, respectively, and
El = average cover depth of pipe l.Please cite this article in press as: Moeini R, Afshar MH, Arc Based Ant Colony O
Shams Eng J (2016), http://dx.doi.org/10.1016/j.asej.2016.03.0036. Concluding remarks
Two constrained and unconstrained versions of a new Arc
Based Ant Colony optimization Algorithm (ABACOA)
equipped with the TGA were proposed here for the optimal
layout and pipe size design of gravitational sewer networks.
The proposed ABACOA offered the advantage of proper def-
inition of heuristic information leading to proper trade-off
between the two conﬂicting search attributes of exploration
and exploitation. The incremental solution building capability
of the ACOA was used to propose a constrained version of the
ABACOA which paved the way to explicitly satisfy the pipe
slopes constraint. In both formulations, the TGA was used
in an incremental manner to construct feasible tree-like layouts
out of the base layout, while unconstrained and constrained
versions of the ABACOA were used to optimally determine
the sewer pipe nodal cover depths of the constructed layout.
Three different methods of cut determination were also
proposed to complete the construction of a tree-like networkptimization Algorithm for optimal design of gravitational sewer networks, Ain
16 R. Moeini, M.H. Afsharcontaining all base layout pipes. The proposed formulations
were used to solve three test examples of different scales and
the results were presented and compared with other available
results in the literature. While both formulations showed good
performance for solving sewer networks design optimization
problem, the CABACOA-TGA was shown to produce better
results with the same computational effort due to the fact that
solutions constructed by the CABACOA-TGA were always
feasible regarding minimum slope constraint. Furthermore,
the results showed that best results were obtained using the
third cutting method for both the proposed formulations.References
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